MgO is an attractive choice for carcinogenic cell destruction in photodynamic therapy, as confirmed by manifold analysis. The prime focus of the presented research is to investigate the toxicity caused by morphologically different MgO nanostructures obtained by annealing at various annealing temperatures. Smart (stimuli-responsive) MgO nanomaterials are a very promising class of nanomaterials, and their properties can be controlled by altering their size, morphology, or other relevant characteristics. The samples investigated here were grown by the co-precipitation technique. Toxicity-dependent parameters were assessed in a HeLa cell model after annealing the grown samples at 350 °C, 450 °C, and 550 °C. After the overall characterization, an analysis of toxicity caused by changes in the MgO nanostructure morphology was tested in a HeLa cell model using a neutral red assay and microscopy. The feasibility of using MgO for PDT was assessed. Empirical modelling was applied to corroborate the experimental results obtained from assessing cell viability losses and reactive oxygen species. The results indicate that MgO is an excellent candidate material for medical applications and could be utilized for its potential ability to upgrade conventionally used techniques.
Malignancy is considered to be the leading cause of long term injury, morbidity, and mortality worldwide 1 . Irrespective of the multidimensional treatment used, the blood-brain barrier is an obstacle to the recovery of neurological functions 2 . Surmounting this barrier is a key challenge that is being tackled by the design and implementation of transport mechanisms.
R.S. Kumaran investigated MgO nanoparticles (NP) with 20 nm size via the GST and ROS gene mechanism. The results showed that 150 µg/mL MgO nanoparticle dispersions liberate significant cytotoxins 3 . MgO NPs proved to be a promising material for biomedical applications due in cancer therapy, nano-cryosurgery, and hyperthermia. In addition MgO NPs enhanced ultrasound-induced lipid peroxidation in the liposomal membrane [4] [5] [6] . Magnetic resonance imaging (MRI) utilizes self-assembled multifunctional Fe/MgO for therapy. In addition, MgO is used extensively in research and clinical practice due to its various unique characteristics, including biocompatibility in correlating normal human in vivo-in vitro research, uptake in blood vessels without clotting, high bioavailability ratio for therapeutic purposes even at minimal concentrations as a contrast agent. Research results show that MgO-based contrast agents are ideal for use in MRI as a diagnostic and therapeutic material. Some surveys indicate that dynamic MgO enhancements for MRI purposes are more suitable for acute retroperitoneal fibrosis than chronic fibrosis. MgO also acts as a drug delivery and magnetic-activated cell storing vehicle.
It was previously reported that MgO NPs is supposed to be an auspicious materials due to its relevant biomedical applications, such as antibacterial/anticancer activity, magnetic hyperthermia, nano-cryosurgery, and as an MRI contrast agent [7] [8] [9] [10] . Though MgO NPs are being investigated as potential MRI contrast agents on a trial basis, Gadolinium (Gd) is also a candidate material for use in this area. Gd is a paramagnetic metal ion encapsulated with a chelating agent and is effective as a contrast agent in MRI. The use of chelating agents to improve the biodistribution of Gd towards specific target sites can lead to toxicity. The difference was very significant (mean 1.86, range 1.80-1.95 for acute, and mean 1.37, range 1.26-1.61 for chronic). Improved Gd-based MRI imaging can be achieved with Gd-based contrast agents (GBCAs) that have been approved by the FDA for improving bioavailability of drugs in body organs and tissues [11] [12] [13] . Magnesium-based oxide materials (e.g., MgO and Mg(OH) 2 ) are exceptional candidates as MRI contrast agents due to their extensive application in catalysis, superconductors, refractory materials, flame retardants, and paints 7, 8, 14 . A few reports illustrate results that have encouraged the development of various antimicrobial and drug-reactive NP materials (e.g., iron, gold, silver, zinc and manganese) [15] [16] [17] . It was recently reported that nano-MgO exhibits superior bactericidal, sporicidal, and antiviral activity in comparison compared with copper, silver, TiO 2, and various other bactericides [18] [19] [20] [21] . Moreover, nano-MgO has significantly potent bactericidal effects under typical conditions and can be promptly prepared from economical solvents and precursors 22 . Electrostatic interactions between magnetic hybrid nano-carriers (e.g., dendrimer complexes) show morphological features that are desired in various biomedical applications, especially nucleic acid therapy. In this context, many experiments have successfully confirmed hybrid nano-carrier applications by analysis of zeta potentials, cell viability, cellular internalization, and lipid oxidation assays obtained using murine/human NIH/3T3 cells line or a mouse/human embryonic fibroblast cell model 23 . Simultaneous photodynamic/photothermal therapy (PDT/PTT) is more advantageous than peak-levelled lipid assembled combined chemotherapy because it is less invasive. The drug doxorubicin was shown to enhance the localization of the hybrid form of lipid NPs, leading to greater toxicity along with many beneficial effects 24 . Therefore, the introduction of inorganic nanomaterial oxide antimicrobial agents can improve neural functioning through advanced therapeutic modification. This paper presents the first report on the successful fabrication of polyvinyl-coated nano-sized MgO via chemical precipitation, which is considered to be a non-toxic, fast, economical, and environmentally benign methodology. Cellular responses to the novel NP materials were investigated in HeLa cell line.
Methods
Chemicals and Synthesis of MgO Nanotubes. Magnesium chloride (MgCl 2 ), sodium hydroxide (NaOH), polyvinyl alcohol (PVA), and ethanol were purchased from Sigma Aldrich and used as chemical reagents. Two transparent mixtures of MgCl 2 and NaOH were prepared separately in 50 ml of distilled water. A MgCl 2 mixture was slowly dripped in a NaOH solution (1:2) under constant stirring at 60 °C using a volumetric burette. This reaction process was completed within 1 h and held at room temperature for an additional hour to settle the milky suspension of magnesium hydroxide (Mg(OH) 2 ). This precursor was repetitively filtered and washed in water, followed by washing with ethanol in order to divest ions from the final product. The final product was vacuum dried at 60 °C overnight. The dried product was monitored using simultaneous TGA (thermogravimetry) and DSC (differential scanning calorimeter) analysis to identify the temperature where Mg(OH) 2 completely transforms into pure MgO. After thermal analysis, the dried powder was calcined at 450 °C for 2 h to achieve MgO nanopowder and was studied using diverse analysing tools. Beside this aforementioned process, there are many synthesis techniques that researchers have applied in different semiconductor devices and in studies on thermoelectric properties [25] [26] [27] [28] [29] .
Characterization of Synthesized Nanopowder. The phase angle, crystal purity, and average crystallite size was determined using X-ray diffraction (XRD, PAN X' Pert PRO, Cu-Kα λ = 1.5406 Å). The morphology and particle size were measured using the JEOL 648OLV scanning electron microscope and JEM 1230 transmission electron microscope (a SEM and TEM, respectively). For TEM studies, MgO nanopowder was ultrasonically dispersed in acetone for 30 min. A few droplets of this solution were collected on a carbon-coated Cu grid and dried in vacuum. Elemental analysis was performed using an energy dispersive X-ray (EDX) analyser, while a SHIMADZU Prestige 21 Fournier transformation infrared (FTIR) spectrometer was operated between 300-600 cm −1 at room temperature to determine the molecular structure of the synthesized product.
Cell Cultures Conditions. Cell Culturing and labelling condition.
The HeLa cell line was cultured and maintained at 37 °C in a 5% CO 2 humidified environment. Cells was grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) during culturing and 2% FBS during experimentation. In addition, DMEM was supplemented with 1% Na-pyruvate and 1% nonessential amino acids. The solution was made with 5000 U/mL penicillin and 5000 mg/ml of streptomycin as antibiotics supplements. All growth media and supplements were purchased from Sigma-Aldrich.
Ethical Approval. All procedures regarding HeLa cell line culturing and maintenance were performed at China West Hospital (Huaxi Campus), Chengdu. All these experiments were performed in accordance with relevant guidelines and regulations identifying the institutional and/or licensing committee approving the experiments and experimental protocols. Finally, this procedure was approved by the institutional or licensing committee of IFFS-UESTC (Institute of Fundamental and Frontier Sciences, University of Electronic Science and Technology of China) to perform experiments on HeLa cell model.
Conjugation of MgO nanostructures with PEG and Fotolon.
After successful growth of MgO nanostructures, stock solutions of dispersed NPs were prepared by mixing 10 mg/ml MgO NPs, 2 mg PEG (polyethylene glycol, Sigma Aldrich), and 10 mg/ml of chlorine e6 (Ce6, Fotolon a previously published procedure was applied to obtain MgO NPs of different morphologies using a variety of annealing temperatures [30] [31] [32] . Cell uptake was measured using a microplate reader at various incubation times, and cell viability was assessed using the MTT assay as described below.
MTT Assay. The experimental scheme for cell labelling used 96 well plates for sub-culturing and experimentation, as follows. In Group I, five wells in each row received increasing concentrations of MgO NPs dispersed in solution (0-400 µg/ml). The last two columns were used as controls, i.e., without treatment. In group II, PEG-coated MgO nanostructures complexed with Fotolon were exposed to HeLa cells to assess their physiochemical response to the prepared solution (original and annealed form of MgO nanostructures). In Group III, the same experimental procedure was repeated, albeit with the addition exposure to 10-80 J/cm 2 laser light at 660 nm wavelength. The incubation times for cell localization were 6, 24, and 48 h. The viability of each well was assessed using the MTT assay 33, 34 . ROS analysis. The production of intracellular reactive oxygen species (ROS) was measured using the non-fluorescent compound CM-H 2 DCFDA (2,7-dichlorodihydrofluorescein diacetate acetyl ester; Invitrogen Co., USA). This compound crosses the cell membrane and undergoes deacetylation by an esterase, producing non-fluorescent CM-H 2 DCF. HeLa cells were seeded in a black 96-well plate and incubated in the presence of different MgO concentrations or MgO + Fotolon (0-400 µg/ml) for 14 h in darkness and 5% CO 2 humidified air at 37 °C. Parallel steps were performed for the working MgO suspension in darkness, as well as with a suitable dose of 660 nm of laser radiation.
After experimentation, the cells were gently washed in DMEM. Cells loaded with 100 μL of 5 μM CMH 2 DCFDA were incubated for 30 min at 37 °C and protected from light.
Thereafter, the cells were exposed to an optimal built-in microscopic light dose of 10 J/cm 2 for 2 min and were then assessed for ROS fluorescence using a Wallac 1420 Victor Plate Reader (λ ex 485/λ em 530 nm). Cells were also cultured in Petri dishes treated as above and were excited using blue light (488 nm), thus making them ready for microscopic imaging 35, 36 . In addition, the immunofluorescence test was performed following assay. Figure 1 shows a schematic illustration of MgO-based photodynamic therapy by manifold analysis. Toxicity was measured in both light and dark conditions and verified with a mathematical model. Figure 2 shows the XRD pattern of the MgO NPs sintered at 900 °C for 6 h. The seven prominent peaks that appear in the XRD pattern show a single phase crystalline structure. The Miller indices labelled on the peaks were determined using JD computer software. The lattice parameter was calculated using the formula:
Results
The value of the obtained lattice parameter was 8.3083 Å, while the unit cell volume was found by using the value of the lattice parameter b = a³ in a cubic unit cell Moreover, the crystal size was calculated using the Scherer formula: 
0.9 is the shape factor, λ is the wavelength of the copper alpha source, and βθ is the full width half wavelength. θ is diffraction angle measured in radians. The average size of the MgO NPs was 53 nm. The sharp XRD peak in the 1-1 plane showed that the synthesized material had grown to a crystal size of 60.60 nm. Figure 3 shows the results of morphological analysis of the nanomaterials using TEM (a-b) and SEM (c-d). The prior results were confirmed using TEM images of MgO nanorods (MgO NRs) and MgO nanotubes (MgO NTbs). In these samples, the scale bar was set to 100 nm, and a nanorod morphology of 12 nm diameter and about 80 nm length is shown in Fig. 3(a) . Figure 3 
Fourier transform infrared spectroscopy (FTIR). FTIR spectra were measured using a NICOLET 6700
FT-IR system. The data shows the following dominant peaks in transmission mode. The first peak lies at 500 cm Raman Spectroscopy. The dominant peaks in MgO are shown in Fig. 5(a) . The Raman spectra were gathered in the 50-4000 cm −1 range.
Raman Spectrum MgO + PEG. The adsorption of Polyethylene Glycol (PEG) on the surface of MgO plays
a key role in drug delivery towards a targeted site or tumour. In this experimental scheme, PEG-coated MgO conjugated with efficient photosensitizers were employed for cancer tissue island necrosis via ROS. The Raman spectrum of MgO + PEG is shown in Fig. 5(b) . The presented band locations indicate enlarging vibrations of the CH triple bond chain observed at 3000 cm −1 . The bands at 1478 and 1442 cm −1 are assigned to the bending mode of the hydrocarbon group. The bands appearing at 1180 and 1125 cm −1 correspond to twisted vibrations in C-H. A peak appearing at 450 cm −1 can be attributed to Mg. All of the experiments were performed at room temperature.
Thermal Analysis of MgO and PEG coated MgO. The thermal degradation behaviour of MgO and
pegylated MgO is shown in Fig. (6a) . 4 wt. % loss occurred at temperatures ranging from 180 °C to 200 °C, due to the loss of imbibed solvent molecules. Significant weight loss and polymer polyethylene glycol degradation in PEG-coated MgO were recorded as an initial weight loss of about 48% as temperature rose from 300 °C to 500 °C. Weight loss of about 9% was observed as the temperature rose from 500 °C to 768 °C. The energy loss curve at 350 °C to 450 °C showed that weight loss occurred in PEG-coated MgO, as shown in Fig. 6(b) . All data were collected with a Perkin Elmer Diamond TG/DT Analyzer with the Pyris Manager built-in software. Figure 7 shows the cell viability loss in dark conditions, as well as with a dose of 660 nm laser light. First, the MgO nanotube concentration and light dose were optimized (250 µg/ml and 80 J/cm 2 , respectively) 37, 38 . In the final investigation, superficial cell viability loss of approximately 14% was observed in the cell line labelled with 250 µg/ml MgO dispersed in dark conditions. The cell viability loss reached 21% under the same experimental conditions with 660 nm of laser exposure. We suspect that MgO is not too toxic for applications as a candidate for disease or cancer diagnosis, especially in the biomedical fields. In many other studies, results indicated that MgO nanomaterials are less toxic due to their smooth morphology, which reflects that the toxicity of nanomaterials is morphology and size/concentration dependent 3, 39 . Cell viability is dependent on MgO concentration in experiments conducted in darkness and with 660 nm laser light. The loss of cell viability can be expressed using a second order polynomial model, as shown in Eq. (3) . The values of the polynomial constants are described in Table 1 . The mathematical model and its validity is described in the mathematical model section.
It worthy of note that the cell viability under illumination with 660 nm laser light showed a larger decrease with increasing MgO concentration compared to dark conditions, as shown in Fig. 8 . For further investigation regarding the chemical toxicity signature of MgO, four different in vitro samples were exposed to the same concentration of solutions with different MgO morphologies (0-250 mg/ml). No obvious toxicity or significant difference between the different MgO nanostructures was identified by using MTT assay (Fig. 9) . The dose dependence of cellular survival effects was determined by applying MgO NTs, NRs, NSPs, and NSTs, each corresponding to 79%, 85%, 85%, and 83% cell viability, respectively. Cell viability remained more than 78% in every case after administration of a suitable concentration of MgO nanostructures (≈250 mg/ml) in the cell model. After summarizing the cytotoxicity results, we are of the opinion that MgO would be useful for MRI applications and for reliable drug delivery protocols with the benefit of low toxic effects in a cell model. The same type of experimental study was reported in previously published research [40] [41] [42] [43] . Four different experiments were simulated using our mathematical model (Fig. 10) . All the experimental data was analysed using the least squares method, followed by a mathematical expression. It was observed that the best model that fit all of the curves is the 2 nd order polynomial, as the sum of the square of errors is lower for this polynomial. Lower order polynomial produce larger error. The model presented in Eq. (3) produced errors of less than 5%, which is sufficient to validate the experimental data. It was also observed that the cell viability decreased with increasing MgO concentration. The rate of decrease in cell viability was maximal for the MgO NR's as opposed to the other morphological varieties and was modelled with suitable constants provided by the above equations. All other experiments were similarly analysed, as shown in Fig. 10 .
ROS Detection. HeLa cells were seeded in a black 96-well plate and incubated at different MgO or MgO + Fotolon concentrations (0-400 µg/ml) in 5% CO 2 humidified air at 37 °C. The incubation time was set to 14 h, and cells were incubated in total darkness or after receiving a suitable dose of 660 nm laser radiation. After experimentation, the cells were incubated with CMH 2 DCFDA for ROS detection (Fig. 11 (micrograph) and Fig. 12 (ROS snapshot) ). Significant ROS levels were observed when HeLa cells were exposed to a suitable concentration (µg/ml) of PEG-coated MgO + Fotolon under laser exposure. In the case of PEG + MgO in the absence of laser irradiation, measured changes were superficial.
The fluorescence values were dependent on MgO NPs concentration levels. The trend suggests that it can be modelled with a linear function. The values for the slopes and y-intercepts were calculated using the least squares method. One can see that the slope for the MgO NPs was less than the slope of MgO + Fotolon, which shows that the MgO + Fotolon has a higher effect on fluorescence than MgO NPs. The proposed mathematical model is described in the following section, and a comparison of math model with the original data is shown in Fig. 13 . Table 1 (SSE, R-square, Adjusted R-Square, RMSE, and P-values). All of the values shown in Table 1 confirm the applicability of the model with reasonably low percentage error.
Model i has six possibilities, as shown in the Figs 7 and 9 (i = {1, 2, 3, 4, 5, 6}). x is the MgO concentration, and P 1 , P 2 , and P 3 are extracted from the fitting procedure and are shown in Table 1 .
The mathematical model for fluorescence (a.u) is shown in Fig. 13 . The fluorescence is shown with respect to changes in MgO NP concentration and is also fit using linear regression. One can see that there is a linear relationship, which implies a linear model. The proposed linear model is shown in Eq. (4).
where Model i has two options, as shown in the Figs. 11 (i={7, 8}) . x is the MgO NP concentration, and P 1 and P 2 are extracted from the fitting procedure and are shown in Table 2 . 
Conclusion
A co-precipitation technique was used to grow MgO nanostructures with various morphologies. MgO nanorods (12 nm diameter and ~80 nm length), MgO NTbs (16-25 nm length), NPs, and MgO NFKs (200 nm to 500 nm in size) were grown using the co-precipitation process. TEM and SEM results confirm symmetric and asymmetric forms of the nanostructures in both an individual and agglomerated manner for the different nanomaterials. The results confirmed the noxious effects of these materials, where a 17% loss in cell viability was observed in the MTT assay. In addition, the biotoxicity increases as long as heat treatment towards nanomaterials increases the permeability of nanoparticle enhancement. Therefore, cell viability was significantly less with treatment at 550 °C compared to 450 °C. An empirical model was applied to assess the validity of the experimental results, where the modelling results were in good agreement with the experimental results. However, more careful assessments are required for therapeutic purposes.
